Introduction {#sec1-1}
============

Nervous system extracellular matrix (ECM) plays a major role in neural development and regeneration processes such as neocortex folding, stem cell niche maintenance, peripheral nerve regeneration, neural cell migration, axonal growth, and many more (Moore et al., 2002; Colognato et al., 2005; Gonzalez-Perez et al., 2013; Gattazzo et al., 2014; Herrera-Perez et al., 2015; Long et al., 2018). ECM mediates these processes via cell-ECM interactions which provides the cells with a wealth of signals such as growth factors, bioactive molecules, and biophysical cues in a spatiotemporal manner (Mecham, 2001; Yue, 2014). The physical properties of ECM that are of prime importance for its function include elasticity, matrix pore size, and the ECM structure or topography. Biophysical cues play a major role in neural development and regeneration processes such as neurogenesis, nerve repair, neuronal cell migration, and axonal growth (Moore and Sheetz, 2011; Franze, 2013; Franze et al., 2013; Wieringa et al., 2018). Of these different biophysical properties, matrix elasticity and topographies are well studied and have been shown to drastically affect neural cell behavior. ECM structure and topography influences many different neural cell processes including neuron migration, neuronal stem cell fate regulation, and nerve regeneration (Hoffman-Kim et al., 2010; Ankam et al., 2013b; Marcus et al., 2017; Simitzi et al., 2017).

Neural differentiation processes have wide clinical and industrial applications. Stem cell-derived neurons have been widely used for the development of cell-based therapies for the treatment of neurological diseases, such as Parkinson's disease, Huntington's disease and multiple sclerosis, and neurological damage such as spinal cord injury or stroke (Lindvall et al., 2004; Martino and Pluchino, 2006; Tomita et al., 2013; Trounson and McDonald, 2015; Shi et al., 2016). In addition, these cells have also been used for fundamental neurological studies, drug-screening platforms, neurodevelopmental and neurodegenerative disease modelling (Avior et al., 2016; Shi et al., 2016; Dutta et al., 2017). Conventional methods of neural differentiation rely primarily on the use of biochemical factors to regulate the differentiation process. However, the use of biochemical factors alone has proven to result in long differentiation periods and provide minimal control over lineage-commitment (Schuldiner et al., 2001; Chambers et al., 2009; Hu and Zhang, 2009). Hence, appropriate integration of ECM biophysical cues in stem cell related regenerative therapies is much desired. In this review, we focused on understanding the composition of native ECM in central nervous system (CNS) and peripheral nervous system (PNS) and the resulting native ECM architecture and topography. We briefly discuss the role of native ECM composition and topographical cues in neural regeneration and neuronal progenitor differentiation. In addition, we also provide an overview of the parameters that affect the topography efficiency in synthetic platforms used to enhance neuronal differentiation of stem cells, including pattern isotropy, feature dimensions, and temporal and spatial applications. Lastly, we concluded by emphasising the need for further understanding of the native structures and topography dynamics for better development of biomimetic platforms to optimize functional neuronal differentiation. For the present review, we searched the literature using keywords such as "Surface topography", "Neuronal differentiation and surface topography", "Nervous system extracellular matrix", "Central nervous system", "Peripheral nervous system", "Stem cells and surface topography", "Embryonic stem cells and neuronal differentiation", "Neural stem cells", "Induced pluripotent stem cells and neuronal differentiation", "Nervous system stem cell niche", "Mechanotransduction", and "Topography dynamics" on PubMed and Google scholar. In addition, we also used modifications of the above main keywords to thoroughly search the literature. The major inclusion criteria preferred the literature comprising native ECM or surface topography.

Composition and Topographies of the Nervous System Extracellular Matrix {#sec1-2}
=======================================================================

Cells secrete and deposit distinct molecules in their parenchyma resulting in the formation of native ECM structures (Frantz et al., 2010; Lau et al., 2013). Throughout human body, the ECM in different tissues are present in various structural and molecular compositions (Frantz et al., 2010). The nervous system ECM has specialized structures encompassing molecular compositions secreted or deposited by surrounding neural cells in a spatiotemporal manner (Barros et al., 2011; Lau et al., 2013). The deposited ECM proteins form functional 3-dimension (3D) architectures to support cellular functions. In addition to cell membrane surface structures (Blumenthal et al., 2014), ECM architectures and topographies also have the potential to affect neural cell processes such as cell migration, differentiation, cellular function, and morphology (Yim et al., 2007; Hoffman-Kim et al., 2010; Barros et al., 2011; Ankam et al., 2013b; Marcus et al., 2017; Sathe et al., 2017; Tan et al., 2018). Mutations of ECM molecules in nervous system have provided hints towards the role of molecular composition in forming native ECM surface topographies. For example, mutations in laminin γ1 causes the surface fragmentation of the embryonic plial basement membrane directly affecting radial glia cell attachment and dysplasia of cortical plate neurons (Halfter et al., 2002). Similarly, in perlecan mutants (one of the members of heparan sulphate proteoglycans), basement membrane shows partial disruption leading to inadequate neuronal composition of the cerebral cortex (Haubst et al., 2006). CNS and PNS cells exhibit different functional characteristics. ECM topography and molecular composition also differs in CNS and PNS which might influence these cell characteristics. Hence, in this section, we discuss the various molecular composition of CNS and PNS ECM, and the resulting ECM architectures and topographies present in these systems.

Native neural ECM structure and composition {#sec2-1}
-------------------------------------------

During late embryonic and early post-natal stages, brain ECM is present in a "juvenile" state providing appropriate cues for blood-brain barrier development, neural stem cell (NSC) differentiation, proliferation, and migration (Zimmermann and Dours-Zimmermann, 2008; Barros et al., 2011; Lau et al., 2013; Barnes et al., 2017). It is mainly composed of versicans, neurocan, laminins, tenascin-C, hyaluronan, and cartilage link proteins (HAPLN1), which are deposited by NSCs, glia cells, and neurons in their microenvironment in a spatiotemporal manner (Colognato and Yurchenco, 2000; Rauch, 2004; Zimmermann and Dours-Zimmermann, 2008; Barros et al., 2011; Lau et al., 2013; Mouw et al., 2014; Barnes et al., 2017). In this state of ECM, hyaluronan acts as a backbone around which versicans, neurocan, laminins, tenascin-C, and HAPLN1 aggregate and interact with each other (Colognato and Yurchenco, 2000; Mouw et al., 2014).

After 2--3 weeks of post-natal stage in mouse embryonic CNS, juvenile ECM remodels into a more mature form through changes in gene expression patterns as well as proteolysis by matrix metalloproteinases (matrix metalloproteinase-2 and matrix metalloproteinase-9) and a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS) enzymes (ADAMTS1 and ADAMTS4). Subsequently, the juvenile ECM will be replaced by other variant ECM molecules of the same family (Bandtlow and Zimmermann, 2000; Rauch, 2004; Zimmermann and Dours-Zimmermann, 2008). For example, versican V1 is replaced by another splice variant versican V2; tenascin-C is replaced by tenascin-R and tenascin-N; and HAPLN1 is replaced by brain link proteins (Rauch, 2004; Zimmermann and Dours-Zimmermann, 2008). This remodelling process is termed as the maturation process, where neural migration is restricted and stable neuronal connections are formed, leading to improvement in neural cell conductance and neuroprotective functions (Zimmermann and Dours-Zimmermann, 2008). Scanning electron microscopy images of decellularized adult rat brain shows microlobular structure arranged in a non-specific orientation (Baiguera et al., 2014). Similar to rat brain, native porcine brain also has similar micro-architecture (DeQuach et al., 2011). However, dimensions and spacings between these structures are not well elucidated. This matured ECM can be majorly categorized into three different types of structure, namely basement membrane, perineuronal nets, and neural interstitial matrix (**[Figure 1A](#F1){ref-type="fig"}**). Basement membrane plays a major role in formation and maintenance of blood-brain barrier; acting as a boundary between endothelial cells and CNS parenchymal tissue. It is composed of various ECM proteins such as collagen IV, laminin-nidogen complexes (Laminin 111, Laminin 211, Laminin 411, Laminin 511, Nidogen-1, and Nidogen-2), fibronectin, dystroglycan, agrin, and perlecan (Lau et al., 2013; Thomsen et al., 2017). Using transmission electron microscopy, basement membrane in mice cerebral cortex is measured to be 40--60 μm in thickness and present as a continuous layer. In addition, high resolution transmission electron microscopy cross-sectional images of this basement membrane show convex-shape nanostructures (Dong et al., 2002). However, these convex shapes are yet to be revealed if they are present as individual domes, or if the convex shapes are the cross-sectional view of continuous structures such as folds, ridges or fibers. Fractone is also another type of basement membrane possessing similar composition as vascular basement membrane. However, the location and structure of this matrix form is different from vascular basement membrane. Fractones are primarly located in ventricles and spinal canal, and present as an isolated branch shape structure ranging between 1--6 µm in size (Mercier et al., 2003; Kerever et al., 2007; Mercier, 2016).

![Nervous system components architecture.\
(A) Schematic diagram of brain extracellular matrix (ECM) components and their architecture. (B) Schematic diagram of peripheral nerve cross-section and the collagen fibers.](NRR-15-573-g001){#F1}

In contrast to basement membrane, perineuronal nets are predominantly composed of proteoglycans, tenascin-R, hyaluronan, and link proteins in the brain parenchyma (Barros et al., 2011; Lau et al., 2013). The extracellular proteoglycans interacts with the linear hyaluronic acid molecules deposited on the plasma membrane that is further stabilized by tenascin R and link proteins, forming a dense 3D meshwork surrounding neurons (Kwok et al., 2011; Arranz et al., 2014). Perineuronal net appear to be in micro-fibrous form and the fibrous structure does not have a particular orientation (Giamanco et al., 2010; Kwok et al., 2011; Arranz et al., 2014; de Winter et al., 2016). In contrast to perineuronal net meshwork structure, neural interstitial matrix is dispersed in the parenchyma, majorly comprising a dense networks of proteoglycans, hyaluronan, tenascins, and link proteins, as well as relatively small amounts of collagen XV, elastin, laminin 511, and fibronectin forming fibrous structures (Seppänen et al., 2007; Barros et al., 2011; Lau et al., 2013; Happel and Frischknecht, 2016; Omar et al., 2017). Even though this matrix is present in the brain in a ubiquitous manner and it may impart essential 3D biochemical and biophysical cues. In comparison to other forms, this matrix type is relatively less studied in terms of both structural and functional properties (Lau et al., 2013).

Similar to CNS, PNS also consists of basement membrane composed of collagens (Collagen types I, III, IV, and XV), laminins (Laminin 211, Laminin 411, and Laminin 511), nidogen-1, heparin sulfate proteoglycans, and fibronectin in a tubular form, which surrounds Schwann cells along the axon in a continuous manner (Chernousov and Carey, 2000; Barros et al., 2011; Catala and Kubis, 2013; Gonzalez-Perez et al., 2013; Chen et al., 2015). Outside of these individual units, fascicle interior between axon-Schwann cells units is majorly composed of collagen type I and III fibrils oriented in a longitudinal direction (Shellswell et al., 1979; Montes et al., 1984). This interior layer of the nerve is known as endoneurium (**[Figure 1B](#F1){ref-type="fig"}**). In rat sciatic nerves, the individual endoneurium collagen fibrils have an average diameter of 41.31 ± 4.2 nm forming collagen bundles of 1--3 µm thickness (Junqueira et al., 1979; Ushiki and Ide, 1990). This layer is further protected by another layer composed of perineurial cells, basement membrane, and collagen type I and III fibrils (average 30--60 nm collagen fibril diameter, about 0.5--3 µm thick collagen bundles in rat sciatic nerve), forming a perineurium layer in a tubular shape structures with collagen meshwork (Junqueira et al., 1979; Ushiki and Ide, 1990). In humans, the basement membrane of sural nerve perineurium has been shown to be 405.86 ± 4.2 nm thick (Johnson et al., 1981; Hill and Williams, 2004). In addition, multiple bundles of perineurium layers are surrounded by epineurium consisting longitudinally oriented collagen type I fibrils. These epineurium collagen fibrils have an average 77.33 ± 11 nm diameter in rat sciatic nerve and collectively, these epineurium collagen bundles are 10--20 µm thick (Junqueira et al., 1979; Ushiki and Ide, 1990; Catala and Kubis, 2013; Gonzalez-Perez et al., 2013; Sridharan et al., 2015). Junqueira et al. (1979) also observed that the collagen fibril diameter in human femoral nerve shared similar dimensions of endoneurium and epineurium in rat sciatic nerve. However, the collagen bundle thickness in human peripheral nerves is yet to be determined. Molecular composition, structure, dimensions, and orientation of PNS ECM in different layers are very well studied; however, the effect of fiber dimensionality of the basement membrane on the directly contacting neurites and Schwann cells is not well known. Taken together, there are many important questions still need to be addressed regarding the structure and dimensions of the topographies in both CNS and PNS ECM at different ECM development or remodelling stages. Indeed, the functions of these ECM topographies in the *in vivo* system remains an important question to explore such as their role in radial glia cell attachment, neuron orientation, neuron migration, and neuronal differentiation. Before discussing the potential of topographies for neural regeneration, we will briefly discuss the role of native ECM structures and composition in PNS regeneration and CNS neuronal differentiation, respectively.

Native ECM impact on neural regeneration and neuronal stem cell differentiation {#sec2-2}
-------------------------------------------------------------------------------

Weiss coined the term "selective contact guidance" by postulating a relationship between surface structures and directed movement of cell through cell attachment (Weiss, 1947). Peripheral nerve regeneration provides an ideal platform to understand the relationship between surface structure and contact guidance. During PNS regeneration, PNS basement membrane provides the structural support to the surrounding cells. Schwann cells attach to the longitudinally aligned basement membrane structures that guide the neurites from proximal to distal stump, resulting in reattachment of proximal neurons to their appropriate distal targets (Cattin and Lloyd, 2016). Using repetitive freeze-thaw cycles (Ide et al., 1983), the decellularized nerve segments enabled regenerating neurites attached and migrated along the fiber orientation, when these decellularized nerve segments were grafted to sciatic nerve. With the advent of optimized decellularization processes, various studies also observed similar regeneration efficacy when the decellularized ECM grafts were implanted at injured peripheral nerves (Adarsh, 1988; Sondell et al., 1998; Hudson et al., 2004). However, the regenerative capability in peripheral nerve is drastically affected by the injury gap length, which is the distance between proximal and distal stump, and the regeneration rate. If the gap length is increased beyond a critical gap length (\~15 mm in rat, \~40 mm in human (Kaplan et al., 2015)), then this can lead to "chronically denervated" conditions where Schwann cells and basal lamina in distal stump deteriorate due to the long-term absence of proximal neurite contact (Höke, 2006).

In comparison to peripheral nerves, CNS shows different responses upon injuries and damages. For example, in spinal cord injury, adult spinal cord tissues do not possess similar regenerative ability due to formation of lesion and glial scar boundary. This lesion mostly consists of pericytes, perivascular-derived fibroblasts, macrophages, and ependymal cells along with inhibitory ECM molecules which restricts the neuronal regeneration (Busch and Silver, 2007; Adams and Gallo, 2018). While the surrounding glial boundary broadly comprised of reactive astrocytes, NG2 glia and microglia also participate in isolating the lesioned environment from their surroundings to prevent secondary injury, and they also secrete inhibitory ECM molecules (Busch and Silver, 2007; Adams and Gallo, 2018).

Even though CNS does not show similar regenerative capacity as PNS, two major NSCs populations have been identified in the subventricular zone of the lateral ventricles and subgranular zone of the dentate gyrus in the hippocampus, and they are playing major roles in tissue homeostasis. The subventricular zone stem cells differentiate into neuroblasts that migrate to the olfactory bulb forming olfactory bulb interneurons and corpus callosum oligodendrocytes. Meanwhile, the NSCs in subgranular zone region differentiate into immature neurons before differentiating into dentate granule neurons in granule cell layer (Kazanis and ffrench-Constant, 2011; Gattazzo et al., 2014; Bond et al., 2015; Faissner and Reinhard, 2015; Gonçalves et al., 2016; de Miranda et al., 2017; Tian et al., 2018). These NSCs are closely associated with fractone and vascular basement membrane structures in subventricular zone or subgranular zone, to maintain their stemness through interacting with their surrounding microenvironment (Kazanis and ffrench-Constant, 2011; Gattazzo et al., 2014; Bond et al., 2015).

ECM composition also plays a critical role in mediating the differentiation of neuronal progenitor cells. During early developmental stages, mutations of basement membrane components laminin β2 and γ3 affect radial glial attachment and alignment disrupting asymmetric division of these progenitors (Radner et al., 2012). Similarly, prelecan knockout mice also exhibit the defects in neurogenesis process of neural progenitor populations (Girós et al., 2007; Barros et al., 2011). In addition, the degradation of ECM component chondroitin sulfate proteoglycans, which are enriched in NSC growth environment during development and in adult NSC niche, results in reduced radial glia proliferation and reduction in neurogenesis (Sirko et al., 2007). Although ECM composition has been well-known to be one of the important microenvironmental signal for efficient neuronal differentiation, how ECM structures affect neuronal differentiation still remains unclear. Currently, it is technically challenging to understand the role of these structures in the *in vivo* system. Hence, *in vitro* studies provide clues to delineate the role of these topographies in neuronal differentiation.

The Use of Nanotopographies to Enhance Neural Tissue Engineering Platforms {#sec1-3}
==========================================================================

Since contact guidance plays a major role in many neural processes, there is interest in developing technologies that mimic the biophysical cues of the native neural ECM to help enhance neuronal processes on synthetic platforms. Of particular interest is neuronal differentiation, which has many important applications including the development of cell-based therapies for the treatment of neurological diseases, neuronal regeneration, and *in vitro* platforms for fundamental neurological studies, drug-screen platforms, disease modelling and precision medicine platforms (Avior et al., 2016; Shi et al., 2016; Dutta et al., 2017). Conventional methods of neural differentiation rely primarily on the use of biochemical factors as a means of process regulation, however this method alone has proven to be expensive, result in long differentiation periods, and provide minimal control over lineage-commitment (Schuldiner et al., 2001; Chambers et al., 2009; Hu and Zhang, 2009). Incorporation of biophysical cues, such as topography, in synthetic substrates has been shown to significantly enhance neuronal differentiation. These platforms increase differentiation rate, reduce cost, and promote lineage specific differentiation improving neuronal yield (Schuldiner et al., 2001; Chambers et al., 2009; Hu and Zhang, 2009; Ankam et al., 2013a, 2015; Anh Tuan et al., 2016; Nguyen et al., 2018; Tan et al., 2018). There are many factors that affect the efficiency of topography. Parameters such as pattern isotropy, feature dimensions, temporal application, and sequential application should all be considered. Furthermore, these parameters should also be considered with respect to the cell type and the stage of differentiation they are undergoing, as this will affect which topographies are optimal. Commonly used stem cell types include: embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs), NSCs, and mesenchymal stem cells (MSCs). This section will focus on the key parameters that need to be considered when designing a topographically enhanced system, provide a brief overview of the efforts to optimize these parameters, and identify parameters that still need further study and optimization.

Optimization of pattern alignment and dimensions {#sec2-3}
------------------------------------------------

Inspired by contact guidance phenomenon and fiber structures in the native ECM, topographical studies majorly focussed on the anisotropic topographies. Indeed, these patterns have been shown to enhance neuronal differentiation induction, reducing differentiation times, and decreasing the dependence on soluble biochemical cues required to induce differentiation. Enhancements such as upregulation of neuronal markers such as class III β-tubulin (TuJ1) or microtubule associated protein 2, earlier expression of neuronal markers, increased percentage of cell population expression neuronal markers (neuronal yield), neurite outgrowth, elongation and branching, and earlier electrophysiological activity have all been observed. Further, this enhancement by anisotropic patterns is not only limited to a certain cell type or differentiation pathway, but also in both pluripotent and multipotent cells undergoing either direct differentiation or trans-differentiation. The effects of anisotropic patterns stem largely from their ability to provide contact guidance, which can influence cell morphology and gene expression. The anisotropic patterns cause cells to elongate, altering focal adhesions and promoting cytoskeletal reorganization (Teo et al., 2010; Ankam et al., 2013b, 2015; Teo et al., 2013; Wong et al., 2014; Nguyen et al., 2016; Marcus et al., 2017; Yip et al., 2018). Isotropic patterns have been shown to promote the induction of glial differentiation (Moe et al., 2012; Ankam et al., 2013b; Qi et al., 2013). The reason this occurs is not well understood, but it is suggested that it may be due to isotropic patterns' inability to induce cell morphologies that encourage focal adhesion formation and cytoskeletal changes required for inducing neuronal lineage (Ankam et al., 2013b, 2015). The mechanosensing of the extracellular topography involves a complex interplay between distinct mechanoreceptors, cell structure, and intracellular pathways. A variety of mechanotransduction pathways have been implicated in topography-induced improvements in neuronal differentiation. Examples include, focal adhesion kinase and focal adhesion signaling pathway, cytoskeletal contractility (Yim et al., 2010; Teo et al., 2013; Ankam et al., 2015), the Rho family GTPase (Keung et al., 2011) pathway, Hippo/yes-associated protein (Sun et al., 2014) pathway, Src and PI3K (Sawada et al., 2006) pathways, mitogen-activated protein kinase and the extracellular-signal-regulated kinase 1/2 (Chen et al., 2013) pathways. In addition, other factors such as nuclei shape or nuclei mechanical properties and epigenetic modifications have also been shown to correlate with differentiation (Huang et al., 2015; Ankam et al., 2018). For an in-depth review of these mechanisms, it is recommended that readers reference Stukel and Willits (2015), and Yim and Sheetz (2012). In this review, anisotropic patterns used to enhance neuronal differentiation, with the most commonly studied gratings and fibers, will be discussed. A summary can be found in **[Table 1](#T1){ref-type="table"}**.

###### 

Summary of anisotropic topographies influence on neuronal differentiation

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Type(s) of topography                                                                                                                         Material                                                                                                           Starting cell type   Mechanistic study (Y/N)                                                                Major findings                                                                                                                                                                                                                                                                Study
  --------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------ -------------------- -------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------
  *Nano-/micro-patterning*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   

  Equally space nanogratings (H = 150 nm and 560 nm, W = 500 and 1000 nm).\                                                                     Poly(dimethylsiloxan) incubate with 1% Geltrex                                                                     iPSC                 Y (YAP expression)                                                                     Gratings with heights of 560 nm showed the best performance, reducing cell proliferation, enhancing cytoplasmic localization of YAP and promoting neuronal differentiation (compared to the flat control). YAP localizations are critical to induce neural differentiation.   Song et al. (2016)
  Hexagonally arranged nanopillars (H = 150 or 560 nm, D = 500 nm)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

  Nanogratings (H = 250 nm, W = 250 nm,\                                                                                                        Poly(dimethylsiloxan) coated with bovine fibronectin                                                               MSC                  Y (focal adhesion kinase)                                                              Gratings with 250 nm line widths upregulated neurogenic and myogenic differentiation markers. Focal adhesions on nanogratings were smaller and more elongated than those seem on micro gratings or control.                                                                   Teo et al. (2013)
  1 μm, 10 μm, S = 500 nm, 2 μm, 20 μm)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

  Nanogratings (H = 300 nm, W = 350 nm, 2 μm, and 5 μm)                                                                                         Poly(dimethylsiloxan) coated with 1:80 diluted Matrigel                                                            iPSC                 N                                                                                      Neuronal marker expression was inversely proportional to width.                                                                                                                                                                                                               Pan et al. (2013)

  Nanogratings (H = 350 nm, W = 350 nm, 1 μm, 10 μm; S = 700 nm, 2 μm, 20 μm)                                                                   Poly(dimethylsiloxan) coated with bovine collagen I                                                                MSC                  N                                                                                      The effect of nanogratings alone was greater than the effect of retinoic acid on flat substrates, regarding upregulation of neuronal markers.                                                                                                                                 Yim et al. (2007)

  Nanogratings (H = 500 nm, S = 250 nm)                                                                                                         Polyurethane acrylate on glass coverslip                                                                           ESC                  N                                                                                      Nanoscale gratings alone can induce the differentiation of ESC into a neuronal lineage without the use of differentiation-inducing agents.                                                                                                                                    Lee et al. (2010)

  Nanogratings (H = 625 nm, W = S = 1.5 μm) Nanopores (S = 28 nm, pore size = 10 nm) Hierarchical (combination of nanopores and nanogratings)   Polystyrene-poly(methyl methacrylate) random copolymer and polystyrene-poly(methyl methacrylate) block copolymer   NSC                  Y (β1 integrin-mediated binding, intracellular Rho-associated protein kinase pathway   Cells have a mechanical memory of the conditions under which neuronal differentiation was induced. Enhanced neuronal differentiation persisted even after the removal of the hierarchical pattern.                                                                            Yang et al. (2014)

  Microgratings (H = W = S = 2 μm)                                                                                                              Poly(dimethylsiloxan) coated with Matrigel                                                                         ESC and iPSC         N                                                                                      The effect of topography is additive. An initial exposure to 2 μm increase neural differentiation rate and an additional culture period can improve neural differentiation.                                                                                                   Chan et al. (2012)

  Microgratings (H = W = S = 2 μm) Micropillars (H = 2 μm, *P* = 12 μm and D = 2 μm)                                                            Poly(dimethylsiloxan) coated with poly-L-ornithine, fibronectin and laminin                                        iPSC                 N                                                                                      Gratings are beneficial for early stage of differentiation (lineage commitment). Pillars are beneficial for later stages (maturation). Sequential application resulted in significantly increased overall differentiation rate.                                               Tan et al. (2018)

  Nanogratings and microgratings:\                                                                                                              Poly(dimethylsiloxan) coated with poly-L-ornithine and laminin                                                     ESC                  N                                                                                      High throughput topography screening. Anisotropic patterns promote neuronal differentiation and isotropic patterns promote glial differentiation.                                                                                                                             Ankam et al. (2013)
  i. H = W = S = 250 nm\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     
  ii. H = 120 nm, S = 1 μm, W = 2 μm\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
  iii. H = 80 nm, S = 2 μm, W = 1 μm\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
  iv. H = W = S = 2 μm Nanopillars:\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
  v. H = 1 μm, *P* = 6.5 μm, H = 1 μm Nanowells:\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  vi. H = 2 μm, *P* = 12 μm, H = 2 μm Hierarchical:\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
  vii. 250 nm gratings with 250 nm space perpendicular to 2 μm gratings.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

  Nanogratings and Microgratings (H = 0.35 μm, 0.8 μm, 2 μm and 4 μm, W = 2 μm, S = 2 μm)                                                       Poly(dimethylsiloxan) coated with poly-L-ornithine and laminin                                                     NPC                  Y (cytoskeletal bending)                                                               Cells can sense the depth of micro-gratings. Neurite elongation, alignment and neuronal differentiation increased with grating depth. Filopodial adhesion in growth cones favour elongation but the neurite cytoskeleton resists it.                                          Chua et al. (2014)

  *Electrospun fibers*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

  Aligned and random nanofibers, D = 250 nm                                                                                                     Electrospun polycaprolactone                                                                                       ESC                  N                                                                                      Aligned nanofibers enhanced differentiation into neural lineage and directed neurite outgrowth                                                                                                                                                                                Xie et al. (2008)

  Aligned and randomly oriented nanofibers, D = 260 nm, 480 nm and 930 nm                                                                       Electrospun polycaprolactone coated with poly-L-ornithine and laminin                                              NSC                  Y (Wnt Signaling)                                                                      Highest yield of neuronal progenitors on 480 nm aligned fibers, due to selectivity against oligodendrocytes and increase in canonical Wnt signaling.                                                                                                                          Lim et al. (2010)

  Aligned nanofibers, D = 270 nm                                                                                                                Electrospun polycaprolactone and gelatin                                                                           MSC                  N                                                                                      Aligned fibers up-regulated neural markers at both the protein and mRNA level, compared to the control.                                                                                                                                                                       Jiang et al. (2011)

  Aligned and randomly oriented nanofibers, D = 400 nm and 800 nm                                                                               Tussah silk fibroin                                                                                                ESC-derived NPCs     N                                                                                      Aligned fibers significantly promoted neuronal differentiation and neurite outgrowth. Cells on 400 nm fibers had higher viability, differentiation and neurite outgrowth.                                                                                                     Wang et al. (2011)

  Randomly oriented nanofibers, D = 283 nm, 749 nm, 153 nm, 1452 nm.                                                                            Laminin coated electrospun polyether sulfone                                                                       NSC                  N                                                                                      Fiber diameter was found to be inversely proportional to proliferation and cell spreading, and directly proportional to degree of cell aggregation.                                                                                                                           Christopherson et al. (2009)
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Stem cell behavior on gratings and electrospun fibers. D: Diameter; ESC: embryonic stem cell; H: height; iPSC: induced pluripotent stem cell; MSC: mesenchymal stem cell; NPC: neural precursor cell; NSC: neural stem cell; P: pitch; S: spacing; W: width; YAP: yes-associated protein.

### Gratings {#sec3-1}

Gratings, also commonly referred to as ridges or grooves, are patterns of parallel line channels that can be rectangular, rounded or v-shaped. Methods commonly used for fabrication of micro- and nanoscale grating topographies include, soft lithography, photolithography, thermal lithography, plasma lithography, electron beam lithography, nano-imprinting, and electric field-aided casting (Teo et al., 2010; Jeon et al., 2014; Marcus et al., 2017). It is recommended that the reader reference Teo et al., Jeon et al. and, Norman and Desai for reviews of topography fabrication techniques (Norman and Desai, 2006; Teo et al., 2010; Jeon et al., 2014). Key parameters that can determine how gratings will affect cell behaviors include the width, depth, and the aspect ratio of the depth to width. In general, features wider than soma diameter (12 ± 3 μm) or the average filopodia extension length do not encourage efficient interaction with cells resulting in differentiation efficiency that is comparable to that of un-patterned substrates (Recknor et al., 2006; Béduer et al., 2012; Chan et al., 2013). In addition, known native ECM topographies are also primarily less than 10 μm in diameter. Therefore, grating widths in the range of 250 nm--10 μm that have been shown to enhance neuronal differentiation of a variety of cell types are normally considered (Yim et al., 2007; Lee et al., 2010; Béduer et al., 2012; Moe et al., 2012; Ankam et al., 2013b; Chan et al., 2013; Qi et al., 2013; Teo et al., 2014; Tan et al., 2015). Using 250 nm, 350 nm, and 2 µm wide gratings, direct neuronal differentiation was induced in ESCs and iPSCs without or with minimal use of biochemical factors. In these systems, earlier upregulation of neuronal lineage markers, and increased preference for the neuronal lineage were observed (**[Figure 2](#F2){ref-type="fig"}**) (Lee et al., 2010; Ankam et al., 2013b; Chan et al., 2013; Pan et al., 2013; Tan et al., 2015). Furthermore, it was also found that alignment, extension, and neurite outgrowth of individual cells and colonies decreased with grating width (Chan et al., 2013; Song et al., 2016). For NSCs or NPCs, grating widths in the range of 250 nm--10 µm have been shown to increase early upregulation of neuronal markers such as TUJ1 and increase preference for the neuronal lineage compared to planar substrates (Moe et al., 2012). In this range, an inverse relationship between grating width and neuronal marker upregulation has been observed; however, no similar relationships could be drawn between the preference for neuronal lineage commitment (Qi et al., 2013; Yang et al., 2013). For MSCs only nano-widths (250 nm and 350 nm) were shown to have a significant impact on the directed neuronal differentiation. Interestingly, the effect was even stronger than that of retinoic acid alone on an un-patterned surface (Yim et al., 2007, 2010; Teo et al., 2013; Ankam et al., 2018). It has also been proposed that an upper limit on grating width of 1.9 µm may also exist for MSC. In a combination of transmission electron microscopy observation and computational modeling, Zeng et al. (2018) proposes a model showing that for grating widths above 1.9 µm, the basal cell membrane tend to bend into the grooves, which correlates with reducing elongation and alignment of MSC on grating surfaces.

![Human pluripotent stem cell (hPSC) colonies and hPSC elongate along the grating axis of 2 μm gratings.\
(A) 2 μm gratings are reproduced with high fidelity, as demonstrated by scanning electron microscope. PSC cultured on the unpatterned control. (B) hPSC cultured on the unpatterned control exhibited a spread morphology in contrast to the elongated morphology observed on 2 μm gratings. Cells were stained for phalloidin (green) and 4′,6-diamidino-2-phenylindole (blue). Scale bars: 5 μm (left) and 200 μm (right). (C) The filopodia of hPSC on 2 μm gratings extend along, across and between gratings (white arrows). Adapted from Chan et al. (2013).](NRR-15-573-g002){#F2}

In general, grating depths in the range of 250 nm--4 µm are most commonly studied (Yim et al., 2007; Lee et al., 2010; Béduer et al., 2012; Moe et al., 2012; Ankam et al., 2013b; Chan et al., 2013; Qi et al., 2013). Not many studies have investigated the effect of grating depth on neuronal differentiation. However, a correlation between grating depth and preferential neuronal differentiation of NPCs has been observed. Using NPC on 2 μm wide gratings and media favouring astrocyte differentiation, Chua et al. (2014) showed that if the 2 μm wide gratings were fabricated with depths of 2--4 µm, a higher percentage of cells expressed neuronal markers with a lower percentage of cells expressed astrocyte markers. This trend of increased neuron differentiation with increased depth, was maintained up until a saturation point of 2--4 μm in depth. Beyond this point, perpendicular neurite growth was hindered due to the high energy costs of neurites bending in deep grooves. A similar trend was shown using iPSCs, wherein increasing grating depth from 150 nm to 560 nm (using grating widths of 500 nm and 1 µm), significantly increased the fraction of cells committed to the neuronal lineage (Song et al., 2016). It was also shown, that grating depth relative to width, also referred to as aspect ratio, can also impact cell behavior. Chan et al. (2013) found that ESC on micro gratings with 1:1 aspect ratios has the greatest elongation and alignment. A similar result using MSC was observed by Wong et al. (2014), wherein aspect ratio was shown to be better at predicting cell elongation and alignment than either depth or width alone. Thus, depth, width, and aspect ratio play a significant role in the topographical modification of cell behavior.

### Fibers {#sec3-2}

Fibrous scaffolds closely resemble the native nervous system ECM fibrils, as they are made of mesh of micro- and/or nanoscale fibers. In these meshes, fibers can either be aligned in parallel or randomly oriented as present in native CNS and PNS ECM structures. There are many methods of fibrous scaffold fabrication, however, the most commonly used for tissue engineering purposes are electrospinning, phase separation and self-assembly (Jhala and Vasita, 2015; Marcus et al., 2017). It is recommended that the reader reference Sultana (2015) for a review on fibrous scaffold fabrication and materials for tissue engineering purposes. Diameter and orientation of fibers are key dimensions that can determine how they will affect cell behavior. Almost all published studies use fibers with diameters in the range of 200 nm--2 μm similar to collagen fiber bundle thickness observed in PNS endoneurium and perineurium structures (Christopherson et al., 2009; Xie et al., 2009; Lim et al., 2010; Jiang et al., 2012). Similar to gratings, there is no consensus on the optimal fiber diameter. However, there seems to be a consensus on the optimal orientation. Early reports indicated that fiber orientation did not impact neuronal differentiation efficiency (Yang et al., 2005), but subsequent studies overwhelmingly showed the opposite. Fiber alignment was shown to significantly improved neuronal differentiation in a variety of cell types including ESCs, iPSCs (Xie et al., 2009; Mohtaram et al., 2015; Abbasi et al., 2016), NSCs (Christopherson et al., 2009; Lim et al., 2010; Bakhru et al., 2011; Lins et al., 2017), and MSCs (Cho et al., 2010; Jiang et al., 2012). Embryoid bodies on aligned fibers extended along the fiber axis and had more extensive neurite outgrowth compared to random and planar substrates. On randomly oriented fibers, both ESCs and NSCs tended to extend in multiple directions and became glial-like in morphology. For neuronal differentiation of ESCs, biochemical factors were still required. However, when used in combination with aligned fibers, embryoid bodies showed higher upregulation of neuronal markers, and the neuronal lineage was promoted over the glial (astrocyte) lineage, which was suppressed (Xie et al., 2009; Abbasi et al., 2016). Similar results were observed when using NSCs, wherein on aligned fibers, cells had a more elongated morphology compared to random or planar substrates (Yang et al., 2005; Christopherson et al., 2009; Lim et al., 2010; Mahairaki et al., 2010; Bakhru et al., 2011; Wang et al., 2012). Upregulation of neuronal markers and increased neuronal yield were observed in NSCs grown on fibers (Christopherson et al., 2009; Lim et al., 2010; Mahairaki et al., 2010; Bakhru et al., 2011; Wang et al., 2012; Lins et al., 2017). Similar to what was observed with ESCs, in addition to a bias in neuronal lineage commitment, a negative selection against the glial lineage (oligodendrocytes) was also observed in NSCs (Lim et al., 2010). The effect of alignment was even more significant for MSCs. Only MSCs grown on aligned substrates showed improvement in neuronal differentiation, specifically neuronal marker upregulation and a preference to the neuronal lineage over the glial lineage. MSCs grown on random fibers performed equally as well as planar substrates (Cho et al., 2010; Jiang et al., 2012).

The effect of fiber diameter is less clear and optimal fiber diameters widely vary depending on the study design. Early studies using NSCs reported that nanoscale fibers were much more effective that microfibers (300 nm *vs*. 1 µm) for increasing the rate at which cells took on the elongated neuronal morphology, in other words, the rate of differentiation (Yang et al., 2005). Two later studies have shown that while nanofibers outperform microfibers, larger nanofibers are more effective than smaller nanofibers (749 nm *vs*. 283 nm and 480 nm *vs*. 260 nm) at increasing the rate at which cells began expressing neuronal markers and overall neuronal yield when using NSC (Christopherson et al., 2009; Lim et al., 2010). However, using ESC derived neural progenitors, it was reported that 400 nm fibers performed better than 800 nm fibers, so the optimal fiber diameter may be in the mid-range of the nanoscale (Wang et al., 2012). Thus, fiber diameter plays a significant role in the topographical modification of cell behavior. It is of interest for future studies using different cell types than those mentioned here, such as iPSCs or MSCs, to incorporate this parameter into their analysis.

Optimization of topography application sequence and combination {#sec2-4}
---------------------------------------------------------------

Previous studies, like those outlined above, tended to focus on early induction and lineage commitment. However, to develop optimal systems resulting in fully functional neurons, enhancement of all differentiation phases is likely required. Interestingly, it has been shown that sequentially applied topographies can further improve neuronal differentiation as cells can "remember" past topographies (Chan et al., 2013; Yang et al., 2014b). Additionally, topographies that were once thought to be of no value to neuronal differentiation, such as isotropic patterns, have recently been shown to improve differentiation, when applied during later phases, such as maturation. Thus, there is potential to create systems where the benefits of certain topographies applied at different stages can be "added" together to improve the overall differentiation process.

It has previously been shown that cells store information from past environments and that this information can continue to influence cell fate in the future (Chan et al., 2013; Yang et al., 2014a; Muhammad et al., 2015). Using ESC and iPSC, Chan et al. (2013) demonstrated this memory effect for pluripotent cells undergoing neuronal differentiation. They showed that ESC and iPSC have a mechanical memory of their past environments and the topographical signals that they were exposed to during different stages of the maintenance and neuronal differentiation. PSCs were exposed to topography during maintenance, and/or during neuronal differentiation. Remarkably, when PSCs were exposed to grating pattern in the maintenance phase, and then PSCs were moved to planar substrate, enhanced neuronal differentiation was observed. Furthermore, they showed that the effect of topography can indeed be additive. By incorporating a topographical priming step, they were able to decrease the differentiation period and reduce the amount of biochemical cues required (Chan et al., 2013). Similarly, Yang et al. (2014b) demonstrated hierarchical pattern-induced cells continued to exhibit enhanced neuronal differentiation even after the topography was removed. In addition, *in vivo* regional priming of primary NPC was also shown to play a major role in cell response to *in vitro* application of topography (Sathe et al., 2017). Notably, differentiation efficiency and morphological changes depended more on the cell source than on the topography being used. For example, although hippocampal cells were slightly more elongated than cortical cells aligned along the gratings, only hippocampal neurons showed significant elongation on pillars (Sathe et al., 2017).

Interestingly, optimal topography was found to differ in different phases of differentiation. While gratings enhance the initial stages of neuronal differentiation of iPSCs into dopaminergic neurons, pillars were better at enhancing maturation. Maturation of cells on pillars resulted in increased neurite branching, and enhanced maturation with more cells being capable of repetitive firing, as compared to cells that matured on gratings or planar substrates (**[Figure 3](#F3){ref-type="fig"}**) (Tan et al., 2018). This is rather surprising as pillars were previously thought to enhance glial morphologies and have no effects on neuronal differentiation (Moe et al., 2012; Ankam et al., 2013b; Qi et al., 2013). Using a combination of gratings for the early stages of differentiation and pillars for maturation, it is possible to increase both the yield of mature dopaminergic neurons and differentiation rate (repetitive firing at 4 weeks compared to 55--70 days) (Tan et al., 2018). Thus, there is great potential to increase control and enhancement of differentiation into functional neurons by optimizing the temporal and sequential parameters of topography.

![Morphology of tyrosine hydroxylase-positive (TH) neurons on patterned and unpatterned substrates after 21 days of differentiation.\
(A) Representative images of human induced pluripotent stem cell (iPSC)-derived TH neurons on unpatterned, gratings and pillared PDMS substrates. Images were digitally stitched from overlapping fields of view to capture the entire length of neurites. Cells on gratings were aligned on the gratings axis (arrows). Scale bars: 100 μm. (B) Average neurite length per neuron. TH neurons were more elongated when differentiated on gratings than pillars and unpatterned control. (C) Number of terminals per neuron. (D) Number of branch points per neuron. (E) Sholl analysis. TH neurons have significantly more branching and increased neuronal complexity when differentiated on pillars than gratings and unpatterned control. All data are represented as the mean ± SEM of three independent experiments with over 30 TH-positive neurons analyzed on each pattern. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001. Adapted from Tan et al. (2018).](NRR-15-573-g003){#F3}

Conclusions and Future Perspectives {#sec1-4}
===================================

In conclusion, studies on the biophysical cues of ECM in the native microenvironment can provide a more in-depth understanding of cell processes and develop better biomimetic platforms. In both PNS and CNS, the spatiotemporally dynamic nature of ECM composition and structure helps to regulate many neural processes including cell migration, differentiation, and regeneration. However, a clear relationship between composition and functional architecture still needs to be determined along with better understanding of surface topography functions. Knowledge on the topography related mechanobiological mechanisms will help to provide better understanding of biological processes, and to enhance the development of biomimetic substrates for neuronal differentiation. Through the use of biomimetic *in vitro* systems, the parameters of alignment, feature dimensions, temporal application and/or sequential application have been identified to be important for controlling the neuronal differentiation. Most works to optimize these systems have been done for the early stages of differentiation and have focused on the parameters of pattern alignment and dimensions. In general, anisotropic patterns tend to increase both the rate of differentiation and neuronal yield during early differentiation. Feature sizes resembling native structure dimensions have been identified as optimal. There are few studies that focus on later stages of differentiation. However, it has been shown that isotropic patterns were shown to be optimal for enhancing maturation indicating that patterns can be optimized temporally. The effect of topography was also shown to be additive, as sequential application of topography showed that cells have mechanical memory of past environments, which is a promising parameter for future optimization of biomimetic systems. Future work should also consider optimizing these parameters for not only neuronal differentiation of stem cells in to functional neuron cells but also the assembly and organization of neural organoids. While this review focused on how microenvironment signals, such as the biochemical composition and the ECM architecture, affect neuronal differentiation; subsequent development of biomimetic platforms should also investigate topography and other biophysical cues, such as substrate stiffness, in conjunction to produce systems closely resembling native microenvironment. Collectively, the knowledge gained from studying the functionality of native structures in a spatiotemporal manner for mature neuronal differentiation in conjunction with temporal behavior of topographies on stem cells will bring a step closer to fabricate systems capable of forming functional matured neurons.
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